J Clin Invest. 1998;102(2):379-385. https://doi.org/10.1172/JCI3038. HDL metabolism and atherosclerosis were studied in apo E knockout (KO) mice overexpressing human apo AI, a des-(190-243)-apo AI carboxyl-terminal deletion mutant of human apo AI or an apo AI-(1-189)-apo AII-(12-77) chimera in which the carboxyl-terminal domain of apo AI was substituted with the pair of helices of apo AII. HDL cholesterol levels ranked: apo AI/apo E KO approximately apo AI-(1-189)-apo AII-(12-77)/apo E KO > > des-(190-243)-apo AI/apo E KO > apo E KO mice. Progression of atherosclerosis ranked: apo E KO > des-(190-243)-apo AI/apo E KO > > apo AI-(1-189)-apo AII-(12-77)/apo E KO approximately apo AI/apo E KO mice. Whereas the total capacity to induce cholesterol efflux from lipid-loaded THP-1 macrophages was higher for HDL of mice overexpressing human apo AI or the apo AI/apo AII chimera, the fractional cholesterol efflux rate, expressed in percent cholesterol efflux/microg apolipoprotein/h, for HDL of these mice was similar to that for HDL of mice overexpressing the deletion mutant and for HDL of apo E KO mice. This study demonstrates that the tertiary structure of apo AI, e.g., the number and organization of its helices, and not its amino sequence is essential for protection against atherosclerosis because it determines HDL cholesterol levels and not cholesterol efflux. Amino acid sequences of apo AII, which is considered to be less antiatherogenic, can […] Whereas the total capacity to induce cholesterol efflux from lipid-loaded THP-1 macrophages was higher for HDL of mice overexpressing human apo AI or the apo AI/apo AII chimera, the fractional cholesterol efflux rate, expressed in percent cholesterol efflux/ g apolipoprotein/h, for HDL of these mice was similar to that for HDL of mice overexpressing the deletion mutant and for HDL of apo E KO mice. This study demonstrates that the tertiary structure of apo AI, e.g., the number and organization of its helices, and not its amino sequence is essential for protection against atherosclerosis because it determines HDL cholesterol levels and not cholesterol efflux. Amino acid sequences of apo AII, which is considered to be less antiatherogenic, can be used to restore the structure of apo AI and thereby its antiatherogenicity. 
Introduction
Low plasma levels of HDL and of their major component, apo AI, correlate with an increased risk for coronary heart disease (1) . apo AI, the major protein component of HDL, is an important determinant of the concentration of HDL in human blood (2, 3) . Overexpression of human apo AI in transgenic mice resulted in increased plasma levels of small HDL particles comparable to human HDL 3 (4) (5) (6) . HDL cholesterol levels and human apo AI levels were highly correlated and dietary fat increased HDL levels in these mice both by increasing the transport rates and decreasing the fractional catabolic rates of HDL cholesterol ester and apo AI (4-7). Overexpression of human apo AI in the atherosclerosis susceptible C57BL/6J mouse strain resulted in a sevenfold reduction of lesion areas in the aorta (8) . Introduction of the human apo AI transgene in apo E knockout (KO) 1 mice, characterized by very high levels of proatherogenic ␤ VLDL and accelerated progression of complex atherosclerotic lesions (9) (10) (11) (12) , resulted in a significant protection against atherosclerosis (13, 14) . Transgenic mice overexpressing mouse apo AII had increased HDL cholesterol levels, but, nevertheless, exhibited increased diet-induced atherosclerotic lesion development as compared with control mice (15) . The concentration of HDL cholesterol in transgenic mice overexpressing human apo AII was lower than in control mice, probably due to the production of small HDL particles that are cleared more rapidly from the circulation, suggesting that sequence differences between human and murine apo AII may affect HDL metabolism (16, 17) . Overexpression of human apo AII in human apo AI transgenic mice had no effect on total cholesterol nor on HDL cholesterol but in those apo AII/apo AI transgenic mice lesion areas were 15-fold larger than in apo AI transgenic mice on an atherosclerotic diet (18) . These studies demonstrated opposite effects of apo AI and apo AII on atherosclerosis in transgenic mice. However, it is not clear yet whether these opposite effects of apo AI and apo AII depend on differences in their molecular structure, such as number and organization of helices, that may affect HDL metabolism or on differences in amino acid sequence that may affect interaction with peripheral, lipidloaded foam cells and thereby the reverse cholesterol transport.
Recently, we produced an apo AI-(1-189)-apo AII-(12-77) chimera in which the carboxyl-terminal domain of apo AI was substituted with the pair of helices of apo AII (6) . Although the carboxyl-terminal domain of the chimera contained 80% of the amino acid sequence of apo AII, the distribution of amphipathic helices in the chimera was identical to that in human apo AI (19) and overexpression of the human apo AI/apo AII chimera in C57BL/6J mice resulted in a similar increase of HDL cholesterol levels as in mice overexpressing human apo AI (6) . In contrast, overexpression of a des-(190-243)-apo AI carboxyl-terminal deletion mutant of human apo AI resulted only in a slight increase of HDL cholesterol levels. Therefore, these mice are well suited to investigate ( a ) whether the car-boxyl-terminal domain of apo AI is essential for the antiatherogenic properties of HDL independent of the role of the domain in the association of apo AI to lipoprotein particles; and ( b ) whether insertion of helices of apo AII in the apo AI structure affects the potential of HDL to induce cholesterol efflux and to reduce the progression of atherosclerosis independent of HDL cholesterol levels.
Methods
Animal experiments. All experimental procedures in animals were performed in accordance with protocols approved by the Institutional Animal Care and Research Advisory Committee. Transgenic mice that overexpress human apo AI, a human des-(190-243)-apo AI deletion mutant, and a human apo AI-(1-189)-apo AII-(12-77) chimera were generated by zygote injection into the C57BL/6J background, as described previously (6) . Mice with inactivated apo E genes, apo E KO mice (10), backcrossed for 10 generations into the C57BL/6J background, were purchased from The Jackson Laboratory (Bar Harbor, ME). These mice had 98.4% C57BL/6J background. Males homozygous for the transgene were mated with apo E KO females and double homozygous offspring (third generation) were used. Mice were fed normal chow ad libitum.
Apolipoprotein quantitation by ELISA and Western blotting. Blood was collected in heparinized microhematocrit capillary tubes from the tail or from the retroorbital plexus. After centrifugation (2,000 g for 5 min), human apo AI variants were quantitated by a sandwich ELISA using murine monoclonal antibodies directed against human apo AI as described previously (6) . The antibodies used in this assay had Ͻ 0.01% cross-reactivity with murine apo AI. Recombinant apo AI, des-(190-243)-apo AI, and apo AI-(1-189)-apo AII-(12-77) were purified from the periplasmic fraction of Escherichia coli cells as previously described (19) and purified proteins were used as standards in the ELISA. The lower limit of sensitivity of the ELISA was similar (5 ng/ml in 200-fold diluted plasma) for all apo AI variants. The interassay variation coefficient of the ELISA was 12%. Alternatively, levels of human apo AI were determined by quantitative scanning of Western immunoblots of 10-15% gradient SDS-polyacrylamide gels that had been developed with the monoclonal antibodies against human apo AI. For quantitation of murine apo AI, Western immunoblots were developed with polyclonal anti-mouse apo AI antibodies prepared in cynomolgus monkeys and generously supplied by Dr. George Melchior (Upjohn, Kalamazoo, MI). These antibodies had Ͻ 0.01% cross-reactivity with human apo AI. The interassay variation coefficient of the immunoblot assay was 20%.
Plasma lipoprotein analyses. Mice were fasted overnight and blood was drawn from the retroorbital plexus into EDTA tubes. Plasma was obtained by centrifugation and lipoprotein fractions were separated by gel filtration on a Superdex 200 HR column equilibrated with 20 mM Tris-HCl buffer, pH 8.1, containing 0.15 M NaCl, 1 mM EDTA, and 0.02 mg/ml sodium azide in a FPLC system (Waters Associates, Milford, MA) (6). 200-l samples of three mice per group were applied. The plasma levels of phospholipids were determined using standard enzymatic assays (Biomérieux, Marcy, France and Boehringer Mannheim, Meylon, France, respectively) and the protein levels were determined according to Bradford (20) . The levels of cholesterol and cholesterol esters in the gel filtration fractions were quantified by HPLC on a Zorbax ODS reversed phase column (6). They were eluted isocratically at 45 Њ C with a mixture of acetonitrile/ isopropanol, at ratios of 50:50 and 90:10 (vol/vol), respectively. HDL particle size distribution was assessed by native PAGE (6). Murine apo AI and human apo AI distribution in HDL was assessed by Western blotting using either polyclonal antibodies raised against murine apo AI or murine monoclonal antibodies raised against human apo AI.
Endogenous apolipoprotein production. Recombinant apo AI, des-(190-243)-apo AI, and apo AI-(1-189)-apo AII-(12-77) were purified from the periplasmic fraction of E. coli cells as previously described (19) . Proteins were iodinated by the Bolton and Hunter method (21) . The specific activities of the different preparations were very similar (7 Ci/ g apolipoprotein). The clearance rates of radiolabeled apolipoproteins were determined in mice as described previously (6) . The fractional catabolic rates and the endogenous production rates of the apolipoproteins were calculated from the plasma steady-state concentrations (mg/dl), the clearance rates (ml и h Ϫ 1 ), and the body weights (g) as described by Kleinberger et al. (22) .
Morphometric analysis. Mice were killed and hearts and aortas were fixed in 4% phosphate-buffered formaldehyde and then embedded in 25% gelatin. Quantitative morphometric analysis was performed in a blinded manner using the Leica 2 Quantimet system (Cambridge, England). For each aorta, lesion areas were measured in 16-20 7-m sections and the mean intimal areas were determined. The first and most proximal section to the heart was taken ‫ف‬ 100 m distal to the point were the aorta becomes first rounded (5, 13) and ‫ف‬ 12 sections per heart were analyzed. Smooth muscle cells and inflammatory cells were detected in an indirect staining procedure using, respectively, a cross-reacting murine monoclonal biotinylated antibody against human smooth muscle cell ␣ -actin (clone 1A4; Sigma Chemical Co., St. Louis, MO; diluted 1:500) or a rat biotinylated monoclonal antibody against murine common leukocyte antigen/ CD45 (clone 30F11.1; PharMingen, San Diego, CA; diluted 1:100) and peroxidase-labeled avidin (DAKOPATTS, Copenhagen, Denmark; diluted 1:100). Peroxidase reaction was performed in 0.05 M Tris-HCl (pH 7.0) containing 0.06% 3,3 Ј -diaminobenzidine and 0.01% H 2 O 2 . Tissue sections were counterstained with hematoxylin. Lipids were stained with oil red O.
Cholesterol efflux assay. Human THP-1 monocytic leukemia cells (23) were obtained from the American Type Culture Collection (Rockville, MD) and maintained in suspension in T-75 culture flasks at a cell density of 2 ϫ 10 5 to 1 ϫ 10 6 cells/ml in RPMI 1640 medium containing 10% FCS and 25 g/ml gentamycin, at 37 Њ C in a 10% CO 2 atmosphere. Cells cultured in the presence of PMA (at a final concentration of 10 Ϫ 7 M) were seeded in 35-mm culture dishes (Costar Corp., Cambridge, MA) at a density of 2 ϫ 10 6 cells/ml and incubated for 24 h. Induction of macrophage differentiation in THP-1 cells was characterized by increased adherence of cells to culture dishes and typical changes in cell morphology. Thereafter, the cells were incubated for 24 h in medium containing 10% lipoprotein-deficient FCS. Cellular uptake and metabolism of unesterified cholesterol and cholesterol esters was evaluated in THP-1-derived macrophages during incubation with malondialdehyde-modified LDL (100 g/ml) for 16 h as described previously (24) . Cholesterol efflux was induced by incubating lipid-loaded THP-1 macrophages with HDL fractions isolated from the plasma of human apo AI/apo E KO, des-(190-243)-apo AI/ apo E KO, or apo AI-(1-189)-apo AII-(12-77)/apo E KO mice for 16 h. In a first set of experiments, cells were incubated with the amount of HDL that corresponded to 7.5% of the serum HDL of the respective transgenic mice. In a second set of experiments, cells were incubated with HDL fractions containing 100 g/ml of the respective apolipoprotein variants.
Statistical analysis. The significance of differences in lipoprotein values and in atherosclerotic lesion areas were tested by a KruskalWallis test followed by a Dunn's multiple comparisons test. P Ͻ 0.05 was considered statistically significant.
Results
Effects of apo E and apo AI genotype on lipoproteins and apolipoproteins. Total cholesterol levels were very similar in apo E KO ( n ϭ 6), apo AI/apo E KO ( n ϭ 10), des-(190-243)-apo AI/apo E KO ( n ϭ 8), and apo AI-(1-189)-apo AII-(12-77)/ apo E KO ( n ϭ 10) mice (Table I ). The predominant lipoprotein class in all these mice was non-HDL cholesterol comprising VLDL and LDL (Fig. 1) . The concentration of non-HDL cholesterol in all these mice was very similar (Table I and Fig.  1 ). In C57BL/6J mice HDL cholesterol levels were 59 Ϯ 2 mg/dl and non-HDL cholesterol levels were 15 Ϯ 1.0 mg/dl.
HDL cholesterol levels in apo AI/apo E KO, apo AI-(1-189)-apo AII-(12-77)/apo E KO, and in des-(190-243)-apo AI/apo E KO mice were significantly (2.8-, 2.4-, and 1.6-fold, respectively) increased compared with apo E KO mice (Table I and Fig. 1 ). The ratio of HDL to total cholesterol was 0.060 Ϯ 0.0037 in apo E KO, 0.15 Ϯ 0.0050 ( P Ͻ 0.001 vs. apo E KO mice) in apo AI/apo E KO, 0.097 Ϯ 0.0058 ( P Ͻ 0.01) in des-(190-243)-apo AI/apo E KO, and 0.14 Ϯ 0.0045 ( P Ͻ 0.001) in apo AI-(1-189)-apo AII-(12-77)/apo E KO mice.
Levels of des-(190-243)-apo AI, measured in ELISA, were 7.5-fold ( P Ͻ 0.001) and 5.5-fold ( P Ͻ 0.001) lower than levels of human apo AI and of apo AI-(1-189)-apo AII-(12-77), respectively (Table I) . Levels of murine apo AI were determined by quantitative scanning of Western blots of 10-15% gradient SDS-polyacrylamide gels as described previously (6) . Murine apo AI levels were 130 Ϯ 12 mg/dl in C57BL/6J mice and were 1.6-fold lower in apo E KO mice. Compared with murine apo AI levels in apo E KO mice, mean levels were 5.8-fold ( P Ͻ 0.001) lower in apo AI/apo E KO mice, were very similar in des-(190-243)-apo AI/apo E KO mice, and were 2.5-fold ( P Ͻ 0.001) lower in apo AI-(1-189)-apo AII-(12-77)/apo E KO mice (Table I) More than 85% of lipoprotein-associated apo AI, des-(190-243)-apo AI, or apo AI-(1-189)-apo AII-(12-77) was recovered in the HDL fractions isolated by gel filtration. Nondenaturing gradient PAGE revealed that the HDL of control mice migrated as particles of 9.6 and 7.2 nm, respectively (Fig. 1, inset ) . HDL particles of apo AI/apo E KO and of apo AI-(1-189)-apo AII-(12-77)/apo E KO mice were polydisperse with major populations of particles with diameters of 7.2, 8.4, 9.2, 9.6, and 10.2 nm, respectively (Fig. 1, inset ) . Both human apolipoproteins were distributed over the different HDL particles. Overexpression of des-(190-243)-apo AI resulted in an increase of the smallest HDL particles (Fig. 1, inset ) . Lipoprotein agarose gel electrophoresis revealed that overexpression of human apo AI and of apo AI-(1-189)-apo AII-(12-77) resulted in an increase of lipoprotein particles with ␣ -and pre ␤ -mobility, respectively (data not shown). The electrophoretic pattern of HDL of mice overexpressing the carboxyl-terminal deletion mutant was identical to that of murine HDL which showed ␣ -mobility.
Endogenous apolipoprotein production. Fractional catabolic rates of radiolabeled human apo AI and apo AI-(1-189)-apo AII-(12-77) were very similar, whereas that of des-(190-243)-apo AI was significantly higher (Table II) . Endogenous production rates of the different apolipoproteins were calculated from their plasma clearance rates, their steady-state plasma levels, and the body weight of the respective transgenic mice. The values were very similar for all three apo AI variants (Table II) .
Effects of apo E and apo AI genotype on atherosclerotic lesion size. Fig. 2 illustrates the sizes of atherosclerotic lesions in the proximal aorta of apo E KO mice at 3, 6, and 9 mo of age, respectively. Intimal areas increased 18-fold (P Ͻ 0.001) between 3 and 6 mo and only 1.4-fold (P ϭ NS) between 6 and 9 mo. Therefore, atherosclerotic lesion sizes in transgenic mice were compared at 6 mo. Consistent with previous studies (5, 13), overexpression of human apo AI resulted in a significant reduction of atherosclerotic lesion size (Fig. 2) . Overexpression of apo AI-(1-189)-apo AII-(12-77) but not of des-(190-243)-apo AI resulted in a significant reduction of atherosclerotic lesion size and mean intimal areas in apo AI/apo E and apo AI-(1-189)-apo AII-(12-77)/apo E KO mice were similar (Fig. 2) . Fig. 3 illustrates that at 3 mo atherosclerotic lesions in apo E KO mice were fatty streaks consisting of lipid-loaded macrophages (Fig. 3, A and C) . Between 6 and 9 mo, the lesions progressed into fibro-fatty lesions that are similar to advanced human atheromatous plaques (Fig. 3, B, D, and E) . These plaques consisted of a fibrous cap containing smooth muscle cells, shoulder areas containing lipid-loaded macrophages, and a necrotic core containing cholesterol crystals (white needlelike structures). Fatty streaks in apo AI/apo E KO mice contained at the most 1-2 layers of macrophage foam cells (F). Fatty streaks in apo AI-(1-189)-apo AII-(12-77)/apo E KO (G) and in des-(190-243)-apo AI/apo E KO mice (H) were smaller than those in apo E KO mice. Fig. 4 illustrates that in apo E KO mice overexpressing human apo AI variants HDL cholesterol levels were negatively correlated with mean intimal areas (r ϭ Ϫ0.80; n ϭ 28).
Table I. Cholesterol (C) and Apolipoprotein Levels in Lipoprotein Fractions Isolated by Gel Filtration of apo E KO, apo AI/apo E KO, des-(190-243)-apo AI/apo E KO, and apo AI-(1-189)-apo AII-(12-77)/apo E KO Mice
Cholesterol efflux. Cellular cholesterol levels in THP-1-derived macrophages incubated with 100 g malondialdehyde- Figure 2 . Size of atherosclerotic lesions in aortic segments of apo E KO mice and of apo E KO mice overexpressing human apo AI variants. Mean intimal areas of lesions in aortic segments of apo E KO mice at 3, 6, and 9 mo (top) and of apo E KO mice and apo E KO mice overexpressing apo AI, the apo AI/apo AII chimera, or the apo AI deletion mutant at 6 mo (bottom). Atherosclerotic lesions in aortic segments of apo E KO mice and of apo E KO mice overexpressing human apo AI variants. Light micrographs (A and B; ϫ50) and phase-contrast micrographs (C-E; ϫ200) of aortic segments of apo E KO mice at 3 (A and C) and 6 mo (B, D, and E), respectively. Lipids in A and B were stained with oil red O, macrophages (C and D) were immunostained with the monoclonal antibody 30F11, and smooth muscle cells (E) were immunostained with the monoclonal antibody 1A4. Light micrographs of aortic segments of apo E KO mice overexpressing apo AI (F), the apo AI/apo AII chimera (G), or the apo AI deletion mutant (H). modified LDL increased from 25Ϯ0.5 g/mg cell protein (n ϭ 10) to 130Ϯ5.1 g/mg cell protein (n ϭ 10). Incubation of lipidloaded macrophages with isolated HDL (corresponding to 7.5% of serum HDL) of apo AI/apo E KO and apo AI-(1-189)-apo AII-(12-77)/apo E KO mice resulted in a significant (3.2-and 2.8-fold, respectively) reduction of cellular cholesterol levels. Incubation with HDL of des-(190-243)-apo AI/apo E KO mice resulted in a 1.7-fold reduction of cholesterol levels. However, cholesterol efflux with HDL of des-(190-243)-apo AI/apo E KO mice was not statistically different from that with HDL of apo E KO mice and from that with HDL of C57BL/6J mice (Fig. 5 ). Cholesterol efflux with HDL of apo AI/apo E KO and with apo AI-(1-189)-apo AII-(12-77)/apo E KO mice was not different from that with HDL of C57BL/6J mice. The fractional rate of cholesterol efflux was 0.032Ϯ 0.0021%/g apolipoprotein/h for HDL of apo AI/apo E KO mice, 0.026Ϯ0.0012%/g apolipoprotein/h for HDL of apo AI-(1-189)-apo AII-(12-77)/apo E KO mice, 0.021Ϯ 0.0010%/ g apolipoprotein/h for HDL of des-(190-243)-apo AI/apo E KO mice, 0.021Ϯ0.0030%/g apolipoprotein/h for HDL of apo E KO mice and 0.029Ϯ0.0019%/g apolipoprotein/h for HDL of C57BL/6J mice (Fig. 5) .
Discussion
The association between HDL turnover and progression of atherosclerosis was studied in apo E KO mice and apo E KO mice overexpressing human apo AI, a carboxyl-terminal deletion mutant of apo AI or an apo AI/apo AII chimera in which the carboxyl-terminal domain of apo AI was substituted with the helical pairs of apo AII. HDL cholesterol levels in these mice ranked: apo AI/apo E KO ‫ف‬ apo AI-(1-189)-apo AII-(12-77)/apo E KO Ͼ Ͼ des-(190-243)-apo AI/apo E KO Ͼ apo E KO mice. The lower HDL cholesterol levels in apo E KO mice overexpressing the carboxyl-terminal deletion mutant were not due to a slower endogenous apolipoprotein production but to the production of smaller HDL particles that were cleared more rapidly from the circulation. As previously observed in C57BL/6J mice (6), overexpression of both human apo AI and of the apo AI/apo AII chimera in apo E KO mice resulted in the appearance of polydisperse HDL particles with a similar distribution profile as human HDL. Therefore, these mice appear to be well suited to investigate whether the carboxyl-terminal domain of apo AI contains sequences that are critical for the antiatherogenic effect of HDL, independent of its contribution to lipoprotein association.
Progression of atherosclerosis ranked: apo E KO Ͼ des-(190-243)-apo AI/apo E KO Ͼ Ͼ apo AI-(1-189)-apo AII-(12-77)/apo E KO ‫ف‬ apo AI/apo E KO mice. Because overexpression of the human apo AI variants did not affect the non-HDL cholesterol levels, differences in progression of atherosclerosis could not be ascribed to differences in atherogenic ␤VLDL cholesterol levels but were most likely due to differences in HDL cholesterol levels. Indeed, HDL cholesterol levels in apo AI/apo E KO, apo AI-(1-189)-apo AII-(12-77)/apo E KO, and des-(190-243)-apo AI/apo E KO mice correlated significantly with the mean intimal areas of atherosclerotic lesions in the proximal aortic segments of these mice. After adjustment for small differences in HDL cholesterol levels in apo AI/apo E KO and apo AI-(1-189)-apo AII-(12-77)/apo E KO mice, the atherosclerosis susceptibility of these mice was very similar.
The antiatherogenic effect of HDL is thought to be linked to its role in the reverse cholesterol transport. This is a process Figure 4 . Correlation between HDL cholesterol levels and size of atherosclerotic lesions in aortic segments of apo E KO mice overexpressing apo AI, the apo AI/apo AII chimera, or the apo AI deletion mutant at 6 mo. Figure 5 . Cholesterol efflux. Total cholesterol efflux from lipidloaded THP-1-derived macrophages by incubation with isolated HDL fractions of apo E KO mice, apo E KO mice overexpressing apo AI, the apo AI/apo AII chimera or the apo AI deletion mutant, and of C57BL/6J mice corresponding to 7.5% of serum HDL cholesterol (top). Fractional cholesterol efflux rates (bottom), expressed in percent cholesterol efflux/g apolipoprotein/h, were calculated on the basis of the sum of human and murine apo AI amounts.
in which HDL remove excess cholesterol from peripheral cells and this cholesterol is then returned to the liver for excretion or for conversion to bile acids. The first step in this reverse cholesterol transport is the uptake of cellular cholesterol by lipoprotein acceptors in the interstitial fluid. Therefore, the capacity of HDL isolated from the plasma of apo E KO overexpressing the different human apo AI variants were compared with that of HDL of apo E KO mice. After incubation of lipid loaded THP-1-derived macrophages with HDL amounts corresponding to 7.5% of total serum HDL, the capacity to induce cholesterol efflux ranked: HDL of apo E KO mice Յ HDL of des-(190-243)-apo AI/apo E KO mice Ͻ Ͻ HDL of apo AI-(1-189)-apo AII-(12-77)/apo E KO mice ‫ف‬ HDL of apo AI/apo E KO mice. However, fractional cholesterol efflux rates, expressed in percent cholesterol efflux/g apolipoprotein/h, for the different HDL particles were very similar. The ratios between human apo AI and murine apo AI in HDL of transgenic mice were different: HDL of apo AI/apo E KO mice Ͼ HDL of apo AI-(1-189)-apo AII-(12-77)/apo E KO mice Ͼ Ͼ HDL of des-(190-243)-apo AI/apo E KO mice. However, despite these differences in human to murine apolipoprotein ratios, the fractional cholesterol efflux rates for HDL of the different transgenic mice were not different and were also not different from those of HDL of apo E KO and C57BL/6J mice. These data suggest that the amino acid sequence of the carboxyl-terminal domain of human apo AI, apart from its ability to determine lipoprotein association, is not critical for the efficiency of HDL to act as cholesterol acceptors and that HDL of apo AI/apo E KO mice, despite their human-like distribution profile, were similar cholesterol acceptors as murine HDL, either derived from apo E KO or C57BL/6J mice. Previously, Atger et al. (25) have demonstrated that overexpression of human apo AI in the C57BL/6J background did not increase the cholesterol efflux potential of serum despite very significant increases of HDL cholesterol levels. It was concluded that the efficiency of HDL of human apo AI transgenic mice as cholesterol acceptors was lower than that of HDL of control mice. In this study, however, the increase of HDL cholesterol levels in apo E KO mice was associated with an increase in cholesterol efflux potential. Our data are thus in agreement with earlier findings of Francone et al. (26) and Castro et al. (27) that both isolated HDL and serum of human apo AI transgenic mice induced more cholesterol efflux than HDL or serum from apo E KO mice.
In summary, our data are thus in agreement with the proposed model in humans in which endogenous apo AI expression is an important determinant of the concentration of HDL, of the net efflux of cholesterol, and removal of excess cholesterol from peripheral foam cells and thus of the reverse cholesterol transport, and of the risk of atherosclerosis. Without affecting endogenous apolipoprotein production, deletion of the carboxyl-terminal domain of apo AI is associated with a decrease of HDL levels due to increased HDL turnover and thus with a decrease of the cholesterol efflux potential. The reduced cholesterol efflux potential of HDL of apo E KO mice overexpressing the deletion mutant is thus rather due to the deletion of a domain that determines HDL turnover than to the deletion of a domain that is critical for interaction with lipid-loaded cells. An important observation was that the amino acid sequence of apo AI was only marginally important for HDL metabolism, cholesterol efflux, and protection against atherosclerosis. Substitution of the carboxyl-terminal domain of apo AI with sequences of apo AII in such a way that the overall helical structure of the apolipoprotein was restored (19) restored also HDL turnover and cholesterol efflux. Although it has been demonstrated earlier that overexpression of murine apo AII in transgenic mice and of human apo AII in apo AI transgenic mice resulted in a reduction of the cholesterol efflux potential of their HDL and in an increase of the atherosclerosis susceptibility of these mice (15, 18) , our data indicate that the apo AII amino acid sequence by itself does not affect HDL turnover, cholesterol efflux from lipid-loaded macrophages, and the protective effect of HDL against atherosclerosis. Interestingly, overexpression of the carboxyl-terminal deletion mutant of apo AI resulted in the generation of small HDL particles, which were also observed in transgenic mice overexpressing human apo AII (17) , whereas overexpression of a chimeric molecule in which the helical sequences of apo AII are linked to the Asp1-Leu189 sequence of apo AI, resulting in restoring the molecular structure of apo AI, results in the generation of larger HDL particles and thus in a significant increase of HDL cholesterol levels. Although it has been suggested previously that increased atherosclerosis susceptibility of apo AI/apo AII transgenic mice compared with that of apo AI transgenic mice was due to differences in protein content of HDL (15, 28) , it may thus also be due to differences in HDL distribution profile and HDL turnover. Our data indeed demonstrate that insertion of the apo AII sequence in the apo AI structure does not result in a molecule that is less antiatherogenic than apo AI and suggest that the helical distribution in apo AI is far more important for its role in HDL metabolism and protection against atherosclerosis than its amino acid sequence.
Thus this study demonstrates that although the tertiary structure of apo AI, e.g., number and organization of amphipathic helices especially in its carboxyl-terminal domain, is critical to produce HDL that protect better against atherosclerosis than apo AII containing HDL molecules, amino acid sequences of apo AII can be used to restore this optimal tertiary structure.
